The enzyme AGPase [ADP-Glc (glucose) pyrophosphorylase] catalyses a rate-limiting step in starch synthesis in tomato (Solanum lycopersicon) fruit, which undergoes a transient period of starch accumulation. It has been a generally accepted paradigm in starch metabolism that the enzyme naturally functions primarily as a heterotetramer comprised of two large subunits (L) and two small subunits (S). The tomato genome harbours a single gene encoding S and three genes for L proteins, which are expressed in both a tissue-and time-specific manner. In the present study the allosteric contributions of the different L subunits were compared by expressing each one in Escherichia coli, in conjunction with S and individually, and characterizing the resulting enzyme activity.
INTRODUCTION
AGPase [(ADP-Glc (glucose) pyrophosphorylase; E.C. 2.7.7.27)] is the first committed step in plant starch synthesis, catalysing the transformation of Glc-1-P to ADP-Glc. AGPase is frequently the limiting enzyme in the pathway of starch synthesis and either reducing its activity or increasing it has a direct impact on the starch level in plants [1] [2] [3] [4] [5] [6] , including tomato [7] . Furthermore, the enzyme exerts strong control over the rate of starch synthesis via allosteric control of the enzyme by both small metabolites and energy/redox status of the tissue (reviewed in [8, 9] ).
In general, dicots have a single gene encoding a functional S (small) subunit, but multiple genes, generally three or four, encode for the L (large) subunit [10] . This allows for multiple forms of the active heterotetramer, depending on the L subunit comprising the heterotetramer. The different L subunit genes are differentially expressed in both a time-and tissue-specific manner. One of the L subunit genes (referred to as L1 in tomato and potato, and APL3 in Arabidopsis) is highly expressed in sink tissue, whereas another (L3 in potato and tomato, APL1 in Arabidopsis) is preferentially expressed in source tissue [11] [12] [13] [14] .
Crevillen et al. [15] and, more recently, Ventriglia et al. [16] showed that the different L subunits of Arabidopsis confer distinct regulatory properties to the active heterotetramer and that these characteristics provide enzymatic plasticity adapted to the function of the particular tissue, either source or sink. The source tissue L subunit of Arabidopsis (APL1) conferred a higher sensitivity to both 3-PGA (3-phosphoglyceric acid) and P i than did the sink-expressed L subunits, in line with the fluctuations of these metabolites during photosynthesis, thereby effectively serving for the fine control of carbon partitioning between sugar and starch.
However, it is not clear whether the source/sink distinction of the regulatory properties of the different L subunits proposed for Arabidopsis [15, 16] is also applicable to plants that have undergone significant evolutionary development for starch accumulation in their sink tissue, such as tomato [17] . Georgelis et al. [18] recently suggested that evolutionary constraints have been relaxed for the AGPase L subunits, which have undergone a high rate of evolution. Therefore it is especially likely that the L subunits of agriculturally important crops such as potato and tomato, that have undergone significant selection under domestication, in addition to natural selection [19, 20] , may have evolved novel modulatory characteristics. A comparison of the regulatory properties of the different L subunits of plants with strong starch accumulation sinks has not yet been undertaken.
Previously it had been an accepted paradigm that the eukaryotic enzyme functions only as a heterotetramer comprised of two S subunits, which were the sole catalytic subunits, and two L subunits whose function was strictly regulatory [8, 9] . Over the past years, the paradigm of a strict separation of function between the different subunits, implicating the S subunit as exclusively catalytic and the L subunit as limited to a regulatory role, has been challenged. Previous studies have shown that the L subunit can be modified to perform catalysis [21] [22] [23] . Until recently, this has only been shown in the presence of a complete heterotetramer in which the normally catalytic S subunit was mutated to an inactive form. The conclusion of these studies was that the L subunit can be catalytic, but requires the S subunit for enzyme stability, as the L subunit cannot function by itself. Most recently, Hwang et al. [22] succeeded in characterizing the low activity of a homotetrameric mutated potato tuber L1, indicating that an L subunit is indeed capable of catalysis, given certain amino acid substitutions.
The tomato and potato are excellent models for dicot sink starch partitioning metabolism since they both show significant starch accumulation patterns in their developing sink tissues. The tomato, in particular, is of interest since it is characterized by a very temporal and transient starch accumulation period in the young developing ovary [17] . This accumulation pattern is accompanied by a parallel temporal expression pattern of the sink-specific LeL1 gene in the developing fruit [7] , whereas the source leaf tissue expresses primarily the LeL3 gene [12] .
In the present paper we report that the L1 and L3 subunits of the tomato AGPase confer to the active heterotetramer distinct kinetic characteristics, analogous to those conferred by the L subunits of Arabidopsis. We also show for the first time that the tomato L3 protein can be functionally catalytic, even in the absence of the S subunit protein and, furthermore, that the active L3 functions as a monomer.
EXPERIMENTAL Plant material
NILs (near isogenic lines) of tomato differing in the introgression source of the distal portion of chromosome 1 and segregating for AGPase-AgpL1 [7] served as the source of mRNA for the cloning of the AGPase subunit genes. NILs were developed from the interspecific cross of Solanum habrochaites (H, LA1777, formerly Lycopersicon hirsutum [24] ) and Solanum lycopersicum (E, formerly L. esculentum) and a backcross programme to the recurrent S. lycopersicum as described previously [7] . L2, L3 and S genes were cloned from young green fruits of a standard tomato breeding line 2918 and the L1 subunit gene was cloned from its NIL 2918-L1 H harbouring the AGPase-L1 H allele of the wild S. habrochaites species. The L1 cDNA was cloned from the NIL since it is transiently expressed for a longer period during fruit development [7] . However, sequencing of the mature native L1 protein (see below) showed that there are no sequence differences between the mature L1 proteins of the two species.
Reagents and services
Reagents were obtained from Sigma-Aldrich and Boehringer Mannheim. Primers were synthesized by IDT. The pGEM-T Easy vector was purchased from Promega. Sequencing was carried out at The Center for Genomic Technologies, The Hebrew University of Jerusalem and at Hy Laboratories.
Cloning of cDNA and construction of plasmids cDNA fragments encoding the four tomato AGPase subunits proteins were obtained by RT (reverse transcription)-PCR from total mRNA of young green fruits. RNA was isolated from three individual tomato fruits using the EZ-RNA total RNA isolation kit (Biological Industries), according to the manufacturer's instructions. RT reactions were performed as described in [25] . For cloning cDNA fragments into the pGEM-T Easy vector (Promega), the specific primers were designed based on published sequences, as shown in Supplementary Table S1(a) (at http://www.BiochemJ.org/bj/428/bj4280201add.htm).
Expression vectors pMon17335 and pMon17336, described in [26] , were used for protein expression of the cloned S and L subunits respectively. The coding sequence for each subunit was prepared according to the published N-terminal sequence of potato for each of the subunits [22, 24, 27] as shown in Supplementary Figure S1 (at http://www.BiochemJ.org/bj/ 428/bj4280201add.htm). The appropriate restriction sites and methionine residue were incorporated into each coding sequence by PCR-based mutagenesis and were cloned into the pGEM-T Easy vector cDNA using the oligonucleotides shown in Supplemenatry Table S1(b).
Bacterial expression system
The four plasmids containing L (pMon17336-L1, pMon17336-L2 and pMon17336-L3) and S (pMon17335-S1) AGPase subunits were expressed individually or in combinations of both L/S subunits in Escherichia coli strain AC70R1-504, which is deficient in endogenous AGPase activity, as described in [15, 26] . For the expression of both subunits, E. coli cells already transformed with pMon17335-S1, were converted into competent cells using ice-cold 10 % (v/v) glycerol for cell precipitation, and a second transformation by electroporation was performed with the L subunits, resulting in cells that expressed both S and L subunits. The selection of colonies was based on the kanamycinor spectinomycin-resistant genes engineered into pMon17335 or pMon17336 plasmids respectively.
The ability of bacterial colonies to synthesize glycogen was screened by exposure to iodine solution [28] as an indicator of active AGPase enzyme. The bacterial colonies were grown on solid LB (Luria-Bertani) medium in the presence of appropriate antibiotics (50 μg/ml kanamycin for a L subunit, 70 μg/ml spectinomycin for a S subunit, and both antibiotics for the doubletransformed S/L subunits), 2 % (w/v) glucose and 15 % (w/v) agar at 37
• C overnight. The colonies were stained for 2 min in iodine solution (0.01 M I 2 and 0.03 M potassium iodide). The glycogen production in the colonies was detected by the presence of brown staining.
Site-directed mutagenesis of the L3 subunit
Site-directed mutagenesis of the L3 subunit was performed using pMon17336-L3 as a template. The PCRs were carried out as follows. (i) The first reaction included primer A (Supplementary  Table S1c ) with a unique HindIII restriction site incorporated in the forward direction and primer B (Supplementary Table  S1c ) with a mutation in four nucleotides that encode for two amino acids, N317F and A322K, in the reverse direction. The amino acids are numbered according to the potato S subunit.
(ii) The second reaction included primer C (Supplementary Table  S1c ), the reverse compliment to primer B and used in the forward direction, and primer D (Supplementary Table S1c ) with an NheI restriction site, in the reverse direction. (iii) In the third reaction, the purified PCR products of both (i) and (ii) served as templates with primers A and D. The product of the third reaction was ligated into the pGEM-T Easy vector. The 700 bp fragment with mutated amino acids within the HindIII and NheI restriction enzyme sites was ligated into pMon17336-L3. The new plasmid pMON17336-L3M was partially sequenced for conformation of mutations.
Purification of recombinant enzymes
Single colonies were inoculated in 5 ml of LB medium with suitable antibiotics (50 μg/ml kanamycin for the L subunit, 70 μg/ml spectinomycin for the S subunit, or both antibiotics for double-transformed S/L subunits) at 37
• C overnight, with shaking. A 2 ml volume from the overnight culture was added to 200 ml of LB medium with a suitable antibiotic concentration and were grown at 37
• C until the A 600 reached 0.8-1.1. The induction of protein expression was achieved by adding 1 mM IPTG (isopropyl β-D-thiogalactoside) for the S subunit and 5 μg/ml nalidixic acid was added to induce L subunit expression. For the expression of combined S/L subunits both IPTG and nalidixic acid were added. After 15-16 h of culture at 30
• C, the cells were chilled on ice for 30 min and harvested by centrifugation for 10 min at 4000 g at 4
• C. The pellet was kept at − 80 • C until further use.
For protein extraction the pellet was resuspended in 15 ml of cooled extraction buffer A [20 mM NaH 2 PO 4 /Na 2 HPO 4 (pH 8), 1 mM EDTA, 0.5 mM NaCl, 10 % (w/v) sucrose, 0.1 % Triton X-100 and freshly added 1 mM PMSF and 1 mg/ml lysozyme]. DTT (dithiothreitol) was not used during the steps of purification in order to improve stability of the AGPase complex (A. Iglesias, personal communication). After a 30 min incubation on ice, the suspension was disrupted by sonication, centrifuged (13 000 g for 20 min) and the supernatant used as a crude enzyme. All purification steps of the recombinant protein were performed at 0 -4
• C. Crude enzyme extracts were heated and, after the temperature reached 60
• C, the extracts were incubated for 4 min at 60
• C, chilled on ice, centrifuged (10 000 g, 30 min) and assayed for AGPase activity. The L3 enzyme was heat-labile and lost all activity following heat treatment, so this step was omitted in the partial purification of L3. Crude enzyme after, or without, the heat treatment was filtered through a 0.2 μm filter and fractionated by passing through a 30000 molecular mass cut-off filter (Millipore). The 15 ml Millipore tubes were centrifuged at 5000 g for 4
• C, then the concentrated high-molecular-mass fraction was diluted with buffer B [20 mM Hepes (pH 7), 5 mM MgCl 2 and 5 % (w/v) sucrose] and loaded on to a Mono Q column HR 5/5 (Pharmacia Biotech AB) for additional purification by HPLC, as described in [29] . The active fractions were obtained by elution with a 0 -0.5 M KCl gradient in buffer B and assayed for AGPase activity in the pyrophosphorolytic direction.
The active fractions were combined and dialysed against buffer A with the addition of 1 mM PMSF and 1 mM EDTA, and concentrated in dialysis tubes against dry PEG [poly(ethylene glycol)] 20000. For further purification and molecular mass determination, the active concentrated fractions were diluted in buffer C [50 mM Hepes (pH 7.5), 5 mM MgCl 2 , 5% (w/v) sucrose, 1 mM EDTA and 0.5 M KCl] and 0.1 ml was loaded on to a Superdex-200 column (HR 10/300 mm; Sigma, Supelco) for size-exclusion chromatography. Elution was at a rate of 0.5 ml/min with buffer C and 0.5 ml fractions were collected and assayed for AGPase activity in the pyrophosphorolytic direction. The molecular mass estimation of the eluted fractions was calculated based on a calibration curve of the elution times of standard proteins: blue dextran, β-amylose (200 kDa), BSA (66 kDa) and cytochrome c (12.4 kDa).
Electrophoresis and immunoblotting
Protein of partially purified AGPase from Mono Q and Superdex-200 chromatography was concentrated by acetone precipitation and subjected to SDS/PAGE in a Bio-Rad minielectrophoresis system [13 % (w/v) 0.75 mm thick acrylamide gel] according to methods described by Laemmli [30] . For immunoblotting, specific antibodies against AGPase individual L and S subunits, raised against purified proteins from potato tubers, were kindly supplied by Dr T.W. Okita (Department of Biochemistry/Biophysics and Institute of Biological Chemistry, Washington State University, Pullman, WA, U.S.A.) [31] and antibodies raised against both subunits from tomato fruit were kindly supplied by Dr H. Janes (Department of Plant Biology and Pathology, Rutgers University, New Brunswick, NJ, U.S.A.), as described in [7] . The antibodies were diluted 1:5000 and 1:2000 respectively. The membranes were incubated overnight at 4
• C with shaking. Precision Plus protein standards (Bio-Rad) were used as markers for estimating the size of the separated proteins. Bands were visualized using BCIP (5-bromo-4-chloroindol-3-yl phosphate)/NBT (Nitro Blue Tetrazolium) (both from Promega) according to the manufacturer's instructions.
N-terminal and MS/MS (tandem MS) peptide sequencing
Since there are amino acid sequence differences near the N-terminus between the L1 proteins of the cultivated tomato and the wild species [32] , which could have an effect on the enzyme, we were interested in ascertaining the mature protein sequence of the tomato fruit AGPase enzyme L subunit (L1), in order to exclude these sequence differences. AGPase was extracted from green tomato fruit as in [7] and purified by Mono Q and Superdex-200 chromatography, as described above. The active, desalted and concentrated enzyme was separated by SDS/PAGE electrophoresis (as described above), blotted on to a PVDF membrane (Immobilon-P, Millipore) in 10 mM Caps (pH 11) and 
AGPase assay and kinetic characterization
AGPase activity was analysed essentially as previously described [7] , as below.
Pyrophosphorolytic direction Assay 1. AGPase activity in the determination of crude activity and for monitoring HPLC purification was assayed in the pyrophosphorolytic direction, as described previously [7] with minor modifications. The assay mixture contained 50 mM HepesNaOH (pH 7.8) with 5 mM MgCl 2 (buffer A), 1 mM ADP-Glc, 1 mM NAD, 10 mM 3-PGA, 5μM Glc-1,6-bis-P, 10 mM freshly prepared sodium fluoride, 1 unit of Glc-6-P dehydrogenase (from Leuconostoc), 2 units of PGM (phosphoglucomutase) and up to 0.1 ml of enzyme extract in 0.5 ml of reaction mixture. Following 5 min incubation at 37
• C, the reaction was initiated by the addition of 1 mM PP i . Preliminary analysis showed that enzyme activity was linear for a minimum of 10 min. The production of NADH was monitored spectrophotometrically at 340 nm. One unit of pyrophosphorolytic activity was defined as the amount of enzyme which catalyses the formation of 1 nmol of Glc-1-P/min.
Assay 2.
For kinetic analysis in the pyrophosphorolytic direction a two-step enzyme-linked endpoint assay was used. The Glc-1-P production was measured in buffer A at 37
• C with 1 mM ADPGlc, 10 mM 3-PGA, 10 mM NaF and 20 μl of enzyme extract in a 200 μl reaction mixture. For kinetic analysis of the L3 enzymes the 3-PGA concentration was 1 mM due to inhibition at higher concentrations. The reaction was initiated by 1 mM PP i and stopped after 5 min by boiling for 2 min. Preliminary analysis showed that the enzyme activity was linear for a minimum of 10 min. After cooling on ice, a mixture containing 300 μl of buffer A, 1 mM NAD, 10 μM Glc-1,6-bis-P, 1 unit of Glc-6-P dehydrogenase (from Leuconostoc) and 1 unit of PGM was added. After 40 min incubation at 37
• C, absorbance of the NADH product was recorded at 340 nm. Concentrations from 0 to 1 mM of the substrates ADP-Glc and PP i and the activator 3-PGA were compared. The amount of Glc-1-P that was produced was quantified from a standard curve of 0-100 nmol of Glc-1-P in a 0.5 ml reaction mixture under the same assay conditions and was expressed as an amount of enzyme necessary to produce 1 μmol of Glc-1-P per min at 30
• C. For comparison of enzyme heat stability, Assay 2 in the pyrophosphorolytic direction was used. After the reaction mixture, including the enzyme, was heated and reached 60
• C, it was incubated at 60
• C for 4 min. Following cooling and centrifugation at 4
• C (13 000 g), the enzyme activity was determined as the amount of Glc-1-P produced, as above.
ADP-Glc synthesis direction
Assay 3. In the synthesis direction, the enzyme activity was analysed as described in [33] , with slight modifications. The assay contained buffer A, 1.5 mM Glc-1-P, 3 mM ATP, 5 mM 3-PGA and 20 μl of enzyme extract in a 200 μl reaction mixture. For kinetic analysis of the L3 enzymes, the 3-PGA concentration was 1 mM due to inhibition at higher concentrations. After incubation at 37
• C for 10 min the reaction was stopped by boiling for 2 min. The ADP-Glc product was quantified via a HPLC reversed-phase Adsorbosphere Nucleotide-Nucleoside column, as described in [7] .
For studies of kinetic characteristics of the purified enzymes the substrates ADP-Glc and PP i (pyrophosphorolytic direction) and Glc-1-P and ATP (synthesis direction) were varied at concentrations from 0 to 5 mM and the activator 3-PGA (both directions) was varied from 0 to 10 mM. S m and A 0.5 values corresponding to the levels required for 50 % maximal activity were calculated using Lineweaver-Burk plots and the regression plot Excel program 2003. The direct linear plot method [34] was also used for estimation of kinetic constants.
Molecular modelling and structure analysis
Model structures of the tomato L1 and L3 monomers were constructed by homology with the X-ray structure of S [35] . The sequence identity between the template and the models is very high. Only a few short inserts/deletions are observed, all of which map to loops in regions away from the tetramerization interfaces, rendering the models accurate. Notably, the loop corresponding to residues 90-98 of S, which is not resolved in the X-ray structure, was not modelled. Superposition of the modelled L1 on to the S 4 tetramer produced a model of the S 2 /L1 2 tetramer. This structure was used in the solvent accessibility computations as described in the Results section. The InsightII molecular modelling package (Accelrys) was used for the homology modelling, structure verification and analysis and for the preparation of Figure 6 .
Protein estimation
Protein was estimated as described in [36] .
Statistical calculations
The estimation of S.E.M.s and significant statistical differences were calculated using Excel and JMP statistical discovery software (version 5.0; SAS Institute).
RESULTS

AGPase subunit expression and activity
The four tomato AGPase subunit genes were individually prepared in plasmids and expressed in an E. coli mutant strain lacking native activity. Each of the L subunits was expressed together with the S subunit, and each of the four subunits was also expressed individually. The coding sequence for each subunit was prepared according to the published N-terminus of the potato protein for each of the subunits (Supplementary Figure S1A) . In addition, since the L1 protein of the wild species S. habrochaites contains a three amino acid duplication (EKKEKK, positions 47-52 in Supplementary Figure S1B ) near the N-terminus, we wanted to ascertain that this duplication was not present in the mature L1 protein. The tomato fruit enzyme from the NIL harbouring the AGPase-L1
H allele was purified and the L subunit protein (L1) was sequenced by both N-terminal sequencing as well as MS/MS peptide sequencing. The N-terminus of the L1 began at the amino acids VITTEN (position 61), eight amino acids downstream from the duplication. The MS/MS sequences showed 80 % coverage of the protein sequence with no amino acids further upstream than the VITTEN sequence (Supplementary Figure S1B) . Accordingly, the cloned L1 sequence encoded three amino acids (VAY, from position 57) upstream of the mature protein N-terminus, but downstream of the EKK sequence.
Expression of the subunits in E. coli, individually and in the various L/S combinations, followed by potassium iodide staining for glycogen, showed that the co-expression of the S protein and the different L proteins yielded active enzymes (Supplementary Figure S2 at http://www.BiochemJ.org/bj/428/ bj4280201add.htm) and that the L1/S and L3/S combinations were more active than the L2/S combination. Engineered E. coli that expressed only individual subunits, whether S or L, did not show visible activity following potassium iodide staining.
The protein extracts of each of the engineered E. coli strains, including those which did not show visible activity as determined by potassium iodide staining, were partially purified and assayed for in vitro activity. The L1/S and L3/S enzymes were studied in further detail since they were most active and represent the predominant native enzymes of tomato sink and source respectively. Surprisingly, the L3 protein alone showed measurable in vitro activity, but only if not heat-treated, which is a standard purification step for the potato and tomato AGPase enzymes [17, 37] . Extracts from non-transformed E. coli, as well as from E. coli transformed with only L1, L2 or S, did not show in vitro activity, indicating that the activity in the L3-transformed E. coli was not an artefact of contamination. Therefore the L3 extract was partially purified only by anion-exchange chromatography and size-exclusion chromatography, whereas the L1/S and L3/S enzymes were partially purified by heat treatment prior to anionexchange and size-exclusion chromatography. The purification schemes led to a 917-and 537-fold increase in activity of the L1/S and L3/S proteins respectively, and a 143-fold increase for the L3 protein ( Table 1 ). The calculated increase in specific activity may partially be a function of the buffer change, from a P i buffer initially used in the extraction and which may reduce measurable activity, to a Hepes buffer used for the chromatographic step.
The active L1/S and L3/S enzymes eluted in the same fraction during their individual ion-exchange separations, whereas the L3 protein eluted earlier, at a lower salt concentration ( Figure 1) . Furthermore, the separation of the enzymes via Superdex 200 HR size-exclusion chromatography indicated that the L1/S and L3/S enzymes were tetramers eluting at sizes of approx. 180 and 210 kDa respectively (Figures 2A-2C ). In contrast, the fractions from the L3 extract showing AGPase activity eluted at ∼ 42 kDa, indicating that the enzyme in these fractions were active as monomers ( Figure 2D ). In order to further ascertain that the L3 extract consisted only of L3, and not S, protein, the L3 and L3/S extracts following sizeexclusion were immunoblotted using antibodies against tomato AGPase that recognize both L subunits and S subunits. First, the results showed that the L3 protein is a major component of the partially purified extract and that it did not contain any S contaminants ( Figure 3A) . This is further indicated by the immunoblot of the different enzymes following their separations on Mono Q, which shows that only the L1/S and L3/S enzymes yield the dimer characteristic of the S interactions under a low reducing environment ( Figure 3B ). Furthermore, comparative immunoblotting of the individual fractions from size-exclusion showed that for the L3/S enzyme ( Figure 4A ), both L and S proteins were present in the large-molecular-mass fractions (∼ 200 kDa, fractions 55-60), but were absent in the smallmolecular-mass fractions (∼ 50 kDa, fractions 66 -70), whereas the L3 enzyme ( Figure 4B ) showed immunoreaction only in the small molecular mass fractions.
In order to shed light on why L3 forms active monomers, whereas reports in the literature indicate that L1 [22] and S [27, 35] can form homotetramers, we compared the sequences of the three proteins in order to identify particular amino acids that are similar in L1 and S, but that differ in the L3 (Table 2) . We especially searched for amino acids that have been shown by recent structural studies [35, 38] to be involved in subunit interactions. The subunit interactions described for the S homotetramer (α 4 , [35] ) were used to model the α 2 β 2 (heterotetramer of S together with L1 or L3) and β 4 (homotetramers of L1 or L3) interactions. The terminology used for the α 4 interactions (A:B, parallel β-helix and linker loop interactions; A:B , interactions in the region of the catalytic domain [33] ) was transcribed to A:B and A:D respectively. We modelled the effect of the sequence differences between the different subunits, particularly on the interface interactions. The residues which contribute to the A:B and A:D interactions are listed in Table 2 . These are residues that change their fASA (fractional solvent accessibility) upon tetramerization by more than 10 %. The fASA indicates which fraction of the total surface area of a given residue is accessible to the solvent and a change in fASA ( fASA) indicates that the given residue interacts with an adjacent subunit. Notably, the available structures of the S tetramer of potato tuber AGPase, PDB codes 1YP2, 1YP3 and 1YP4, are incomplete and in each monomer 5-9 amino acids in the loop 90-98 are not resolved. This loop is at the centre of the tetramer and it may contribute to the intersubunit interaction. Indeed, the corresponding loop in the recent structure of bacterial AGPase, PDB code 3BRK, is resolved and participates in the A:D and A:C interactions. However, the sequence of this loop is significantly different in the two structures. The A:B interface includes 28 residues whose fASA exceeds 10 %. Of significance to the present study are those amino acids that are conserved or similar between S and L1, the two subunits that form active homotetramers, but that are functionally different in the L3, which forms an active monomer. These differences are limited to only two: a change of the aromatic Tyr(Phe) 317 to asparagine (with a fASA of 0.55), and the change from the basic Lys 322 to neutral alanine (with a fASA of 0.27). A third potentially significant change, from the basic Lys(Arg) 340 to neutral threonine has a fASA of only 0.05. The A:D interface showed no amino acid differences with significant fASA (Supplementary Table  S2 at http://www.BiochemJ.org/bj/428/bj4280201add.htm). As mentioned above, the unresolved loop may contribute to this interface. This loop is of the same length in S and L3, and one residue shorter in L1. Interestingly, the potato L3 does have a potentially important amino acid change in this region, an acidic Glu(Asp) 99 to serine; however, this is true only for the potato protein, whereas the tomato L3 retains the acidic aspartate residue (see Supplementary Table S2) .
In order to test whether these two amino acid differences, Tyr(Phe) 317 to asparagine and Lys 322 to alanine, play a role in determining the subunit interactions leading to tetramerization, we mutated the tomato L3 protein at these two sites. The L3 mutant harbouring N317Y and A322K accordingly resembles the S and L1 proteins at these A:B interface amino acids. The expressed mutated protein showed activity similar to the non-mutated protein in the crude extract prior to chromatographic separation. However, the mutated protein did not show activity following sizeexclusion chromatography. Nevertheless, separation of the crude extract on size-exclusion chromatography ( Figure 2E ) followed by immunoblotting (Figure 4 , lower panel) allowed us to test whether the expressed protein was eluted as a monomer or tetramer. The results clearly indicate that the mutated L3 also does not polymerize and the expressed L3 N317Y/A322K protein is eluted in the small size fractions, similar to the non-mutated L3 protein (Figure 4 , middle panel).
Enzyme kinetics
The partially purified L1/S and L3/S enzymes were characterized with respect to substrate affinity and sensitivity to the effector molecules 3-PGA and P i . Results show that in both the synthesis and pyrophosphorolytic direction, L3/S was more sensitive to 3-PGA activation than was L1/S. In the synthesis direction, L3/S exhibited significantly lower (one twentieth) A 0.5 values for 3-PGA (Table 3 and Figure 5 ). However, while the A 0.5 values were lower for the L3/S (0.02 mM compared with 0.40 mM for L1/S) in the synthesis direction, the maximal activation of L1/S was higher than that of L3/S, and at >1 mM 3-PGA the maximal activity of L1/S was higher than that of L3/S. In fact, the activation ratio (the fold-increase of activity due to 3-PGA, compared with the activity in the absence of 3-PGA) in the synthesis direction for L1/S was at least more than 20-fold that for L3/S. This was due to the near complete dependence of L1/S on 3-PGA where, in the absence of 3-PGA, there was less than 1 % of the maximal activity observed with 10 mM 3-PGA ( Figure 5D ). In contrast, the L3/S showed approx. 20 % of its maximal activity even in the absence of 3-PGA ( Figure 5E ). With regard to substrate affinities (Table 3) , the L1/S showed slightly higher affinities in the synthesis direction for both ATP and Glc-1-P, as well as in the pyrophosphorolytic direction for the substrates ADP-Glc and PP i . With regard to P i inhibition, L1/S was less sensitive than L3/S in the pyrophosphorolytic direction, but both were extremely sensitive to > 90 % in the synthesis direction, irrespective of the addition of 3-PGA.
The L3 protein showed enzyme kinetic characteristics distinct from both the L1/S and L3/S enzymes. It was catalytically weak compared with the heterotetramers, and in the synthesis direction had a 5-and 10-fold lower affinity for Glc-1-P than the L1/S andL3/S heterotetramers respectively, and a very low affinity for ATP (Table 3b ). The L3 enzyme showed Michaelis kinetics for both ADP-Glc and PP i in the pyrophosphorolytic direction, and moderate affinities were observed for ADP-Glc and PP i (Table 3a) . The data of apparent maximal activity for the three enzymes in the synthesis direction are derived from assays carried out with 3 mM ATP, which is non-saturating for L3, thereby leading to a calculated maximal activity of only 5 % that of the L3/S heterotetramer. L3 did not show Michaelis kinetics for ATP, but rather a sigmoidal response to substrate concentration (n H = 1.8), and we did not observe signs of saturation when measured with up to 5 mM ATP. In addition, the L3 enzyme was particularly heat-labile, completely losing activity at 60
• C. The L3 monomer was less sensitive to 3-PGA activation when measured in either direction. Furthermore, the maximal increase in activity of L3 due to 3-PGA was slight (∼ 25 % increase due to 3-PGA in the phosphorolytic direction; Figure 5D ), and at concentrations above 1 mM 3-PGA we observed inhibition of activity in the synthesis direction ( Figure 5F ). In the synthesis direction, maximal 3-PGA activation was 2.8-fold at 4 mM 3-PGA, compared with 4.6-fold for L3/S and over 100-fold for L1/S. With regard to inhibition by P i , the L3 enzyme was practically insensitive to P i inhibition in either direction. In fact, in the synthesis direction P i increased stability and activity of the L3 monomer by approx. 30 %, in contrast with the heterotetrameric enzymes which were strongly inhibited.
DISCUSSION
Effect of the different AGPase L subunits of tomato on heterotetrameric enzyme activity and kinetics
The results of the present study, comparing the effects of the different tomato L subunits on the activity of the heterotetramer, indicate that the different sink and source L subunits of plants with highly evolved sink starch metabolism confer analogous effector activation characteristics as those conferred by the different Arabidopsis L subunits [15, 16] . The tomato L3/S showed higher sensitivity to the allosteric effectors 3-PGA, as determined by A 0.5 values, and P i than did the sink-type L1/S, analogous to the differences reported for the respective Arabidopsis orthologues [15, 16] . Comparison of native tomato leaf and fruit AGPase enzymes showed analogous differences in effector sensitivity [39, 40] . The similarity between the effects of PGA in response to the different L subunits of Arabidopsis and tomato was not obvious. While APL1 is primarily expressed in Arabidopsis source leaves [41] , the sink tissue which expresses the Arabidopsis APL3 is the starch sheath cell layer adjacent to the vascular bundles of the leaf, as well as developing seeds [42] . The tomato fruit and potato tuber, on the other hand, are examples of more extreme starch storage sink tissue and the observation that the tomato fruit L subunits also impart distinct characteristics to the strict fruit sink enforces the conclusion that these kinetic characteristics indeed are distinguishing between sink and source enzymes. Although our studies were carried out on the tomato enzymes, the results can directly be extrapolated to include the potato L subunit, since the orthologues of these related Solanum species are nearly identical.
The analogous effects of the orthologous L subunits on effector activation do not extend to the kinetic characteristics of the apparent affinities for substrates of the reaction. In tomato the apparent affinities for substrates were slightly higher for the L1/S, compared with the L3/S, in contrast with the moderate, yet opposite, differences in affinity conferred by the Arabidopsis sink and source enzymes [15] .
Focusing on the synthesis direction, which has been shown to be the predominant, if not sole, physiological activity of the enzyme [43, 44] , we observed the near complete dependence of the tomato L1/S on 3-PGA. In the absence of 3-PGA there was less than 1 % of the maximal activity, as compared with the L3/S enzyme, which was more modestly activated (4.6-fold). Chen and Janes [39] similarly reported that only negligible levels of AGPase activity were measured in tomato fruit extracts in the absence of 3-PGA and the potato tuber enzyme also shows near dependence on PGA (∼ 30-fold activation) [27] . In light of this strong dependence of ADP-Glc synthesis on 3-PGA levels in the tomato fruit and potato tuber, the physiological level of 3-PGA compartmentalized in the sink plastids is of major significance. The photosynthesizing chloroplast of a source leaf is exposed to 3-PGA levels that are indicative of the rate of photosynthesis and carbon balance [8, 9] . However, whereas the levels of phosphorylated metabolites in the autotrophic leaf undergo numerous fluctuations, studies of the strictly heterotrophic potato tuber indicate that these levels do not fluctuate as much, and generally only in response to environmental perturbations [45] . The heterotrophic amyloplast is dependent on the cytosol for 3-PGA. Evidence has accrued that the source for starch synthesis in heterotrophic amyloplasts is Glc-P transported from the sink cytosol and that the 3-PGA concentration of the cytosol will have an impact on 3-PGA levels in the sink plastid, thereby modulating AGPase activity [10, 46] .
However, in contrast with the strictly heterotrophic amyloplasts, the tomato fruit plastids, at the period of transient starch accumulation in the young green fruit, are functional chloroplasts [47, 48] reported to contribute ∼ 15 % to its own metabolite pool [49] . They have also been shown to contain both triose phosphate and hexose-P translocators [50] , as well as plastidic FBPase (fructose-1,6-bisphosphatase) activity, thereby permitting starch synthesis from triose phosphate in the plastid [48, [51] [52] [53] . Accordingly, the plastidic 3-PGA in the tomato fruit may be derived from two sources: (i) transported triose-P, followed by the actions of the plastidic forms of glycolytic enzymes GAPDH (glyceraldehyde-3-phosphate dehydrogenase) and 3-PGAK (3-phosphoglycerate kinase) [54] , and (ii) imported Glc-P and its plastidic glycolytic metabolism.
Unfortunately, little is known regarding the physiological levels of 3-PGA in tomato plastids. 3-PGA concentrations in young tomato fruit pericarp have been estimated to be 15 nmoles per gram of fresh weight [53] and ∼ 55 nmoles per gram of fresh weight [7] , of similar magnitude to 3-PGA concentrations in potato tubers: ∼ 20 [55] , ∼ 80 [44] and ∼ 100 nmoles per gram of fresh weight [56] . However, these numbers tell us little regarding the compartmentalized concentration in the plastid, as these levels were determined on whole tissue extracts. Farre et al. [44] calculated the subcellular metabolite distribution of potato tubers, including the concentration of 3-PGA in tuber plastids. They calculated a plastidial concentration of 0.46 mM 3-PGA (in the range of the A 0.5 value of L1/S) in the plastid, but only if assuming unrestricted diffusion within the plastid organelle. In the case of restricted diffusion, 3-PGA concentrations may be locally increased in the immediate environment of AGPase to 10-fold that concentration, or 4.6 mM. Thus, depending on the compartmentation of 3-PGA within the plastid, physiological 3-PGA concentrations will either be in the range of the A 0.5 for 3-PGA activation, and AGPase activity will be allosterically controlled by small changes in the effector, or 3-PGA concentrations will be such that AGPase will be maximally activated, and starch synthesis will be dependent completely on substrate availability.
L3 is active as a monomer
The present study is the first report of an active L subunit monomer and only the second report of an active L subunit when expressed in the absence of an S subunit. Until recently, AGPase activity was not detected for L subunits expressed alone and it had been assumed that the L subunit lacks catalytic activity altogether, serving a purely regulator role in AGPase activity [15, 16, 23, 27] . However, the realization that the L subunit can be catalytic is not entirely surprising, in hindsight, since the catalytic, substrate binding and effector sites are generally conserved between the L and S subunits [9, 21, 23, 35] . Ballicora et al. [21] showed that only two mutations in the ATP-binding site of the potato L1, Lys 44 /Thr 54 , to the strongly conserved Arg 44 and Lys 54 , were sufficient to 'restore' the catalytic activity of L1. Arg 44 and Lys 54 are generally conserved, not only in catalytic S subunits but also in the other L subunits, including the tomato L3. In fact, Ventriglia et al. [23] showed that the other two L subunits in Arabidopsis, which have the conserved Arg 44 and Lys 54 (APL1 and APL2, homologous with L3 and L2 in potato and tomato), can be active. However, these previous studies indicated that for the L subunit to be catalytic, whether a mutated L1 [21] or a natural APL1 and APL2 [23] , the presence of the S protein, even if inactive, was required.
Recently, Hwang et al. [22] succeeded in showing activity of the L subunit alone, in the total absence of the S protein.
They accomplished this by causing a third mutation at a highly conserved site in the potato L1, S302N. This mutation led to the solubilization of the L1 protein, which otherwise presents itself as inclusion bodies in the E. coli expression system. Their results show that the triple-mutated potato L1 (L RKN ) was active as a homotetramer of ∼ 200 kDa, as determined by size-exclusion chromatography, in a manner similar to the previously reported active S homotetramer [27] .
The results of the present study indicate that the tomato L3 can be active alone and as a monomer, without additional mutations. In contrast with the mutated potato L1, the tomato and potato L3 proteins both have the three conserved amino acids, Arg 44 , Lys 54 and Asn 302 . In fact, of all the L subunit proteins whose sequences are available, only the potato and tomato L1 proteins have Ser 302 , rather than the Asn 302 , as recognized by Hwang et al. [22] . As practically all previous research on potato L subunits has been carried out on the major tuber L subunit protein L1, the activation and solubilization of this L subunit required the triple mutations to yield a soluble and active protein, which was not necessary for the tomato L3. However, in addition to the tomato L3 being active and soluble, the tomato protein is also active as a monomer, which is perhaps the most surprising result of the present study. We repeated the expression and extraction studies five times and each time activity was recovered, although activity was variable. We were successful twice in obtaining enough active enzyme from the E. coli expression of L3 for partial purification, indicating that the protein is labile, but we do not know what determines its stability. The L3 monomer is inefficiently catalytic, with unusual characteristics, all nearly identical with those of the mutated L subunit homotetramer studied by Hwang et al. [22] . Like the triple-mutated potato L1, the tomato L3 shows, (i) an increase in activity in the presence of P i , (ii) an inhibitory response to high 3-PGA concentrations, and (iii) poor substrate affinities. The similarity of these characteristics indicates that they are not due to the monomeric status of the enzyme but, perhaps, to the loss of synergism in the absence of L and S interactions [22, 57] .
The enzyme is heat-labile, similar to the mutated L subunit homotetramer reported by Hwang et al. [22] , as well as to the active heterotetramer containing an S with a truncated N-terminus lacking the Cys 12 [27] , which contributes to the interactions between the two S subunits [35] . Apparently, the novel heat stability which characterizes numerous dicot AGPases [37] is related to the stabilizing effect of the Cys 12 disulfide bond. We hypothesized that the ability of the natural tomato L3 to function as an active monomer may be due to the many additional differences between the triple-mutated potato L1 and the tomato L3, particularly in the regions contributing to subunit interactions. Alignment of the two proteins indicates 83 % identity and we could make an intelligent guess as to which amino acids may allow monomer activity based on the structure and subunit interactions of the heterotetramer [35, 58] .
Jin et al. [35] showed that besides the Cys 12 disulfide bond that leads to the interaction of the two S proteins, and which are absent in the L proteins, the different subunit monomers also interact by end-to-end stacking of the β-helix domain (A:B interactions), as well as the area of the linker loop between the Nand C-terminal domains (A:D interactions). The A:B interface consists mostly of backbone interactions between the β-helix subunits of monomers A and B. In contrast, the smaller A:D interface mostly involves side-chain interactions. The sequence similarity between S and the different L subunit isoforms at both the A:B and A:D interface regions is very high, suggesting that the subunit interactions at play in the S 4 homotetramer are similar to those in the native heterotetramer, as well as in the L subunit homotetramers described by Hwang et al. [22] . We hypothesized that amino acids in these regions, which contribute to the subunit interactions as predicted by fASA values, and that are conserved or similar between the two subunits that have been reported to form active homotetramers (S [26] and L1 [21, 22] ) but that are different in the L3 which forms an active monomer, are likely to be candidates for a controlling role in subunit interactions. These differences are limited to only three: a change of the aromatic Tyr(Phe) 317 to asparagine, the basic Lys 322 to neutral alanine and the basic Lys(Arg) 340 to neutral threonine. Figure 6 presents two views of the A:B interface in the S 4 homotetramer, with residues Tyr(Phe) 317 , Lys 322 and Lys(Arg) 340 emphasized. Lys (Arg) 340 is mostly exposed in the monomer and in the tetramer ( fASA=0.05) and the replacement by threonine in L3 is not likely to have a significant effect. We therefore mutated the remaining two amino acids together in order to test whether they contribute to the subunit interactions.
The results of the mutation study indicate that these two particular amino acid differences together are not responsible for the different results of interactions between L3 (the present study) and L1 [22] subunits. The fASA for Lys 322 is 0.27 and although this residue is not involved in inter-monomer hydrogen bonding, it makes significant hydrophobic interactions that are mostly lost upon mutation to alanine. Both lysine residues do not contribute to electrostatic inter-or intra-monomer interactions (note the exposed N ζ atoms). The A:B interface is mostly neutral, hence replacement of the positively charged residues to neutral residues does not necessarily hamper tetramerization. Tyr 317 of S is replaced conservatively by phenylalanine in L1, but by asparagine in L3. Figure 6 shows that Tyr 317 makes extensive contacts with the adjacent subunit leading to a fASA of 0.55. However, this residue is not involved in hydrogen bonding and its hydroxy hydrogen is exposed in the tetramer. Our results are in line with those of a recent study which suggests that although the side chains of Tyr 317 and Lys 322 contribute to the binding energy of the A:B interface, most of the binding energy is due to interactions via backbone atoms [59] .
We did not mutate any of the amino acids involved in the A:D interface (amino acids 75-135) since there were no clear differences that distinguished L3 from the L1 and S in tomato. The A:D interface includes 16 residues whose fASA exceeds 10 % (Supplementary Table S2 ). This interface is more conserved between S and L1 than the A:B interface, in line with the observation that most of the interactions here involve the side chains. Residue Glu 99 of S is conservatively replaced with aspartate in L1, and non-conservatively replaced with serine in L3 of potato; however, it remains an aspartate residue in the tomato L3, one of the few differences between the potato and tomato L3 sequences. This residue occurs next to the unresolved segment in the structure [35] and its exact position may therefore be compromised. A change in the side-chain conformation of this negative residue can lead to formation of an ionic bridge with Arg 87 of the adjacent monomer, whose disruption may hamper tetramerization. The corresponding position in the bacterial AGPase [38] is occupied by Asn 89 , which makes a hydrogen bond with the backbone of subunit C, contributing to this weak interface. This observation, together with the retention of the acidic aspartate residue in the Glu 99 position of the tomato L3 lead to the conclusion that differences in the A:D interface are not involved in the novel absence of tetramerization in the present study.
In summary, very few interface positions are occupied by the same (or very similar) residue in S and L1 and by a different residue in L3. Our mutation results indicate that these two particular amino acid differences do not contribute to determining the subunit interactions leading to the monomer or tetramer state. Non-conserved residues will probably play a role in determining activity, even if the solvent accessibility is not significantly altered. Georgelis et al. [60] recently reported the effects of mutations in the maize L subunit interface regions on the kinetic properties of the maize tetrameric enzymes. One of the positions mutated in the present study (N317F) was also mutated in the maize study (C382F) and the resulting tetramer exhibited reduced activity. At this stage we cannot explain why both S and mutant-L1 proteins can form tetramers and are active only in the tetrameric form [22, 26] , whereas L3 is active only as a monomer and does not form tetramers. Sp/Lp, potato small and large L1 subunits; S/L1, tomato small AgpS1 and large AgpL1 subunits; S/L2, tomato small AgpS1 and large AgpL2 subunits; S/L3, tomato small AgpS1 and large AgpL3 subunits; L1, tomato large AgpL1 subunit; L2, tomato large AgpL2 subunit; L3, tomato large AgpL3 subunit; S1, tomato small AgpS1 subunit. The S1 streak grew denser than the L1, L2 and L3 streaks so that the black background does not show through, in contrast with the L1, L2 and L3 streaks, which appear darker due to the black cloth background.
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Table S2 fASA values for the amino acids participating in the A:D subunit interactions
These are residues that change their fASA upon tetramerization by more than 10 %. The Table  indicates 
